We report on the mass acquisition of Dirac fermions by doping Cr into the topmost quintuple layer or into the bulk of Sb 2 Te 3 topological insulator films. By careful investigation of the scanning tunneling microscopy/spectroscopy on the films, we find that the Landau level spectrum keeps a good quality even at a high Cr-doping level, enabling the first demonstration of deviation of the zeroth Landau level, induced by the acquisition of a mass term in the surface states in the presence of surface or bulk magnetic doping. The magnitude of the mass term in the surface states increases with increasing Cr-doping level. Our observation suggests Cr-doped Sb 2 Te 3 is a promising candidate for the realization of the proposed magnetoelectric effects.
I. INTRODUCTION
Three dimensional strong topological insulators (TIs), since their discovery, have attracted tremendous research interests due to the topologically nontrivial gapped bulk band and the existence of gapless Dirac fermion surface states, 1, 2 which are protected by time-reversal symmetry (TRS). The gapless nature of topological surface states can be broken by introducing perturbations such as magnetic ordering, which may change the system into a gapped 2D Dirac fermion system and make inductions of novel topological magnetoelectric response (TME). [3] [4] [5] [6] For example, quantum anomalous
Hall effect has been proposed and experimentally realized in ferromagnetic TI films in the 2D limit. 7, 8 So far the most studied three-dimensional TI systems are Bi 2 Se 3 , Bi 2 Te 3 and Sb 2 Te 3 , which have a single Dirac cone in their surface state electronic structures within a relatively large bulk gap. [9] [10] [11] Ways to introduce TRS-breaking includes surface or bulk magnetic doping [12] [13] [14] [15] , and by proximity to ferromagnetic materials. 5 One drawback of the doping approach is that the bulk doping of lighter magnetic elements will decrease the spin-orbit coupling strength and may eventually eliminate the nontrivial bulk band topology, which, fortunately, as demonstrated in a recent work 16 and also here, is quite robust and can persist at a relatively high magnetic doping level. Ferromagnetism does emerge in TIs with bulk magnetic doping. 17, 18 A lot of efforts have been reported in evidencing a massive gap of various origin. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] Scanning tunneling microscopy (STM)-based Landau level (LL) spectroscopy has been shown to be a powerful local tool to investigate the dispersion of topological surface states. 27, [33] [34] [35] [36] Here we use LL spectroscopy as a mass-term sensitive probe to investigate the mass acquisition phenomena in topological surface states of Cr-doped Sb 2 Te 3 films. We show that, both in surface-and bulk-doped samples, the zeroth LL, which has been taken as a unique signature of Dirac fermions, will deviate from the Dirac energy, indicative of a mass acquisition.
II. METHODS

A. Mass term accquisition and Landau level formation in the presence of magnetic doping and the perpendicular magnetic field.
By introducing magnetic dopants, the Dirac Hamiltonian of topological surface states is being TRS-breaking terms, only shift the Dirac point in the equi-energy plane in momentum space, and are not included here. The resulting surface state dispersion is
, with a gap of 2m in the surface states.
In the presence of a perpendicular magnetic field, Landau levels form in the surface state spectrum. The Hamiltonian in the field simply becomes 
where
is the mass term. The energy of zero-mode LL is
Here we have 0 0 0
, indicating that the zeroth LL is very special since it's fully spin polarized.
This form of energy quantization (Eqn. 2) means that, in the massive Dirac fermion system, the phase offset γ in the Onsager quantization relation
is exactly zero, duplicating the massless case ( Fig. 1(a) ), such as graphene and TRS-preserved TIs, where the half-integer quantization is due to the Berry phase of π . 37 In general, the quantization condition changes with Berry phase. For an ordinary electron system with parabolic dispersion and Berry phase of 0, Fig. 1(b) , the zeroth LL position is symmetric relative to ±1 LL energies and nearly coincides with the energy of the state with zero density of states (DOS) at zero fields. Thus, we here only consider the mass term induced by Cr-doping. Hence the deviation only depends on the term
, with the sign determined by the sign of exchange coupling J, the relative direction between the magnetization and the magnetic field. In real materials, MP (-n, +n) doesn't coincide with the Dirac energy in the undoped case because the existence of high order correction term in Fermi velocity. 41 We here choose MP (-1, +1) as the measure of the Dirac energy to determine the possible mass term in the magnetically doped materials where the 0th LL no longer coincides with the Dirac energy. As shown in the measured spectra in the undoped case, MP (-1, +1) coincides nearly perfectly with the 0th LL because the high order correction can be neglected at low momentum k.
B. Experiment
All experiments were carried out in an ultrahigh-vacuum system, equipped with a molecular beam epitaxy (MBE) chamber and a low temperature STM having a 7 T magnet. The base pressure of the system is better than 1×10 -10 torr. In the MBE growth of Sb 2 Te 3 films, highly n-doped and graphitized 6H-SiC (0001) covered mainly by bilayer graphene was used as the substrate. 
2(a)-2(c)). For films without
Cr-doping, above certain thickness (~10 QLs), it is the intrinsic defect concentration that controls the Dirac energy, not the thickness. The dependence of Dirac energy on thickness, which comes from substrate transfer doping, can be neglected above 10
QLs. 42 The samples with bulk Cr-doping are labeled as (Sb 1-x Cr x ) 2 Te 3 . For samples with surface Cr-doping, x denotes the ratio between Cr-doping in the first QL and surface atom density. The relatively low annealing temperature does not introduce extra defects other than substituting Cr into the lattice. Moreover, a stepwise strategy, with a maximum doping of x=0.03 in each step, was used to avoid Cr-cluster formation. The nominal Cr-doping levels range from 0.006 to 0.21.
All STM data was taken at 4.8 K. Prior to the STM/STS measurements, a polycrystalline W tip is cleaned by electron-beam heating in MBE chamber, and then calibrated with Ag/Si(111) films. All the differential conductance spectra and maps are acquired using a standard lock-in technique with a bias modulation of 1 mV at 987.5 Hz. The bias voltage was applied to the sample. The LL curves shown in this work are all single point spectra except figures 6a and 6b for bulk doped samples.
III. RESULTS AND DISCUSSIONS
We then investigate the effect of surface or bulk Cr-doping on the topological 42 We find that Cr atoms exclusively substitute for Sb atoms probably due to the large difference in ion sizes between Cr and Te atoms. The dark triangle spot ( Fig. 2(b) ) correspond to Cr Sb1 defects, due to the suppressed electronic states on three surface Te atoms adjacent to the substitutional Cr atom in first Sb lattice (Sb1) from the surface ( Fermi level is nearly unchanged relative to the bulk-like valence band edge (dashed line), which is consistent with the literature. 44 We observed a similar behavior in the bulk Cr-doping case (Figs. 6(a) and 6(b)), ruling out the possibility of surface band-bending due to this top-Sb-layer Cr-doping. This is a rigid band shift between the surface Dirac cone and the bulk-like band, supported by the increasing or 45, 46 Theoretically, the Dirac cone can be also engineered by changing the elements in the topmost atomic layer. 47 We see here similar behavior in both cases of bulk and top-layer Cr-doping.
From the aforementioned Onsager quantization condition B n 2 k e 2 n h = and Eqn.
2, the dispersion of gapped surface states can be simulated by taking field dependent LL spectra. In Fig. 4 we show the data in three samples with different Cr-doping levels: sample 1 (x=0.105), sample 3 (x=0.18), sample 2 (x=0.21). The LL energies except the zeroth one keep a good linearity, just like the case without Cr-doping because equation 1 indicates that the deviation for LLs with higher B n from the gapless case is nearly indiscernible (less than 0.5 meV for Δ =5 meV and lowest available B n : n=1, B=3 T). For films with Cr-doping levels, the zeroth LL deviation is nearly constant above the magnetic field at which it becomes discernible (see Fig.   4 (a)), implying a low saturation field of ≤ 1 T for magnetization of dopants in the first QL. The fitting of the data to Eqn. 2 is quite good (Fig. 4(c) ), showing a massive Dirac dispersion. The field dependent data is similar for the film with even higher
Cr-doping (x=0.21), which exhibits a relatively larger massive gap as shown in Fig. 
4(d).
In addition, at such high doping of Cr (x=0.21), the first QL is still found to be topologically nontrivial, considering Cr is less than half of Sb in the atomic mass. We demonstrate it by growing sub-monolayer epitaxial Sb 2 This is where the error bars for top-Sb layer doping in figure 6c and 6d come from.
The fact that the magnitude of 0th-LL deviation in bulk doped sample is almost 4
times that in top-Sb-layer doped sample with the same doping ratio in one Sb layer and that this deviation scales with doping levels are consistent with the magnetic doping scheme and can't explained by the lattice-constant change or strain scheme. In the latter scheme, the two doping method with the same doping ratio in the individual Sb layer should have the same lattice distortion. manner, reaching a value of about 10 meV at x=0.21 ( Fig. 6(d) ), comparable to the theoretical value. 12 In addition, there is nearly no difference between samples of the same Cr-doping level but with different intrinsic doping or chemical potential. The error bar results from the local inhomogeneity in Cr-doping.
To conclude, the zero-mode deviation demonstrates the existence of a mass term for the Dirac fermions in a magnetic field both in the surface-and bulk-doping cases. 
